It has been only 10 years since the introduction of X-ray computed tomography (CT) revolutionised the practice of neuroradiology and neurosurgery (Ambrose, 1973; Hounsfield, 1973) . To day it ap pears that medicine is on the verge of another rev olution in imaging. The recent development of nu clear magnetic resonance (NMR) as an imaging method shows great promise, not only as a method for displaying human anatomy and gross pathology but also for recording in vivo biochemical and phys iological changes. Not only does it make it possible to demonstrate differences in cellular metabolism and display them in a manner similar to that of X ray CT (i.e., as axial tomographic sections), it can achieve this without the use of ionising radiation.
The NMR phenomenon has been known since 1945 (Bloch, 1946; Purcell et aI., 1946) , and it has been used extensively since then as an analytical technique in chemistry and physics. In 1971, the concept of using the NMR technique for detecting malignant tissue in vitro was introduced (Damadian, 1971) , and by 1973, less than a year after X-ray CT had been discovered, NMR images of phantoms had been made (Lauterbur, 1973) . These observations attracted a number of scientists to the field of NMR research, both in Europe and in North America, with the result that rapid progress was made toward developing a human imaging system. Three years after Lauterbur's work with phantoms, the first im ages of human volunteers were made (Damadian et aI., 1977) . These early images were extremely crude, but they indicated that NMR imaging of the body was possible. Further development of the technique led to improved images of the extremities (Hinshaw et aI., 1979) and head (Moore et aI., 1980) in normal volunteers. Shortly after this, images of the thorax and abdomen were reported (Edelstein et aI., 1981) . Reports of the clinical use of the new technique began to appear in 1981 (Doyle et aI., 1981; Smith et aI., 1981a-d) , indicating that it was an accurate method for the diagnosis of both benign and malig nant conditions in the brain, thorax, and abdomen. The improved quality of these images, together with the demonstration that the technique had something extra to offer over X-ray CT, excited a wider in terest within industry and the medical profession. During the past 2 years, NMR research has gath ered momentum to the extent that there are now at least 14 commercial companies which are either producing NMR imaging equipment or in an ad vanced state of development toward that end. With the increasing availability of this equipment, the number of medical centers entering NMR research is growing, and its applications in medicine are rap idly being understood.
PHYSICAL PRINCIPLES
The NMR phenomenon and the methods used for obtaining images with it are quite complex. Some of the phenomena can be explained only by quantum mechanics, but those relevant to a basic compre hension of the technique and sufficient for the ap preciation of its applications in medicine may be understood using the principles of mechanics and magnetism. For those readers and investigators re quiring a more detailed understanding of NMR theory, a number of standard texts are available on the subject (Abragam, 1961; Farrar and Becker, 1971) .
To understand the underlying phenomenon, we should return to basic physics and chemistry. Each atomic nucleus is made up of nucleons, that is, pro tons and neutrons (the one exception to this is the hydrogen atom, which consists of a single proton).
These nucleons rotate or "spin" about their axes. When pairs of protons or pairs of neutrons exist in the nucleus, they align in such a way that their spins cancel each other out, and such pairs are of np in terest to us for this discussion. However, when a nucleus contains an unpaired proton or neutron or both, the nucleus will have a net spin (i.e., it will rotate on its axis). Because the nucleus has an elec tric charge, the spin corresponds to a current flowing about the spin axis; this in turn generates a mag netic field. The nucleus may, therefore, be consid ered a small bar magnet spinning on its axis.
In normal circumstances, these nuclei spin while pointing in a random direction, but when placed in a uniform static magnetic field, a portion of them will align with the field's lines of force. These spin ning nuclei behave like tiny spinning tops or gyro scopes, which, if tipped away from the vertical axis, will rotate about this axis in a motion known as precession. To make the nuclei precess around their axes, a smaller external electromagnetic field must be applied. This applied electromagnetic radiation must match the natural precessional frequency of the nuclei in the sample, hence the term nuclear magnetic resonance. This resonance frequency, often known as the Larmor frequency, is related mathematically to the externally applied magnetic field. The frequency is equal to the strength of the field measured in tesla (T) (1 tesla = 10,000 gauss) multiplied by the gyromagnetic frequency, which is unique for each species of nucleus. Thus, for hy drogen protons in a I-tesla field, the resonance fre quency is 42.57 MHz. In the same field, the reso nance frequencies OPlp and 2 3Na are 17.24 and 11.26
MHz, respectively. These frequencies are far below those of X-rays and visible light, and are too weak to do any biological damage. By choosing relevant frequencies, one can tune in to specific nuclei and observe their reactions. So far, all medical NMR images have been obtained with resonances from hydrogen nuclei (lH). This is because hydrogen is not only abundant in the body, but also has a higher intrinsic NMR sensitivity than do other nuclei. 3lp is found in concentrations too low to image at present, but it is in sufficient quan tity to be measured spectroscopically.
Several methods are available that use the NMR signal for image production. By manipulation of smaller electromagnetic fields around the static field, a number of different imaging techniques have been developed. Whether they use the projection recon struction method used in X-ray CT or the sensitive point, sensitive-line, steady-state free precession, or spin-warp methods, they all rely on measuring
proton density and proton-relaxation times (T1 and T 2)' Each of the different methods produces a slightly different type of image. Some are pure proton den sity, other are pure Tj, whereas still others are a combination of proton density, TI and T2.
The different methods all rely on pulsed radio frequency radiations of known strength, but they vary in the length of the pulse applied to manipulate the protons. The pulse sequence may also be varied (i.e., the intervals between pulses may be varied) to obtain useful data for image construction. The principles of image production are simply ex plained. When the length of the applied radio frequency is increased (so that the angle of preces sion is rotated through 900 and then stopped), the protons decay or relax, emitting the radiation they absorbed when they moved through 900• The strength of this signal is a measure of the proton density of the section being examined. If a longer excitation pulse is used, the angle of precession can be moved through 1800 (i.e., the spins are inverted). When the radiation is measured (specifically, the length of time taken for the protons to return to equilibrium), the proton spin-lattice relaxation time or TI is measured. TI varies from substance to sub stance, this variation depending on the relationship of the hydrogen atoms to their surroundings or mo lecular lattice. Short relaxation times exist where water (rich in hydrogen) is closely bound to proteins such as are found in muscle or liver, or in fat, which is also rich in hydrogen. Long relaxation times occur in fluids such as urine and cerebrospinal fluid. De pending on the amounts of free and bound water in tissues, the TJ will vary, allowing for good tissue discrimination and evaluation. The other important relaxation time is T2, or the spin-spin relaxation time. Its magnitude depends on the magnetic inter action between nuclear spins during the relaxation or decay period. It therefore makes a significant contribution to the decay of the NMR signal. It may be measured specifically by applying a string of 1800 pulses and recording the decaying emitted signal. As mentioned earlier, a number of different types of image may be produced. Proton density may be displayed as a pure calculated proton-density map or used as the major signal in saturation recovery images. TJ may similarly be displayed as a pure calculated value or as the major component of in version recovery images. T2 measurement is used as the main constituent of spin-echo images. The foregoing description is, of necessity, simple; for a more detailed but nonetheless basic description, a number of articles may be consulted (Pykett, 1982; Pykett et aI., 1982) .
CLINICAL APPLICA nONS:
PROTON IMAGING Until now, imaging of the body has been achieved by measuring the differential absorption of X-rays; NMR offers the opportunity to image the body chemistry. By measuring the distribution of hy drogen, predominantly in water and fat, the organs of the body can be displayed "biochemically" in a manner similar to that of X-ray CT sections. Bio chemical and physiological changes can be imaged, and measurements can be made of any change from normal. Significant T] changes in skeletal muscle following exercise have been demonstrated (Hutch ison and Smith, 1983 ). The precise underlying cause for this is not known; it may be due to an increase in blood flow, an increase in extracellular fluid, a build-up of carbonic and lactic acid, or a combina tion of them all. What is certain is that NMR proton imaging is sensitive enough to detect these changes, allowing us to speculate on other possible metabolic applications.
The importance of being able to differentiate gray from white matter when studying the brain and its anatomy is well known. NMR clearly defines gray and white matter when images are used which are dependent on relaxation time. The proton concen tration of gray and white matter is the same, and when demonstrated as a proton-density image (Fig.  la,c) , the two are not differentiated. But gray matter contains about 14% more water than white, which means that it has a longer relaxation time, making for considerable contrast between the two when T] dependent images are made (Fig. Ib,d ). This con trast between gray and white matter is more striking with NMR than with X-ray CT, because the differ ence in specific gravity between the two is only about 0.2%.
The earliest NMR images clearly demonstrated this remarkable contrast (Moore et aI., 1980) ; there after, early clinical trials demonstrated that intra cranial tumours and infarcts were seen at least as clearly as with X-ray CT (Doyle et aI., 1981; Smith, 1982a,b) . Using T]-dependent images, researchers have found tumors, infarcts, cystic lesions, and edema all to have long T] values. Since there is considerable overlap in the measured T] of these lesions, this measurement alone will not discrimi nate one from another (Buonanno et aI., 1982b; Bydder et aI., 1982; Smith, 1982b) . These obser vations led to further work at the Hammersmith Hospital in London. Using a 0.15-tesla (1500 gauss) superconducting magnet, they have demonstrated how the structures of the posterior fossa can be seen more clearly with NMR. The absence of arti facts arising from bone in the skull base allowed for easy identification of the cerebellum, brainstem, tri geminal nerve, ganglion, and major blood vessels (Fig. le,t) . Although all these structures may be seen on each type of NMR image, different scan ning pulse sequences have been found to be best for demonstrating certain features. Inversion re covery images, which have a strong T] dependence, show the most striking contrast between gray and white matter, whereas repeated free induction decay sequences can be used to demonstrate blood-flow effects (Young et aI., 1981a (Young et aI., , 1982 . When different time intervals between pulses in the spin-echo se quences are used, images dependent on T2 are formed. These are informative in a wide variety of conditions, such as tumors, infarction, hemorrhage, encephalitis, Wilson's disease, and hydrocephalus (Bailes et aI., 1982) . Other work by this group has shown that NMR inversion recovery images will demonstrate abnormalities in mUltiple sclerosis on a scale not previously possible, except at post mortem (Young et aI., 1981b) . The reason for this is the sensitivity of T] measurement in the demon stration of the longer than normal relaxation time in demyelinated plaques. This prolongation of re laxation time in the plaques may be due to the pres ence of edema or the absence of closely bound hy drogen, which is found in lipids such as myelin.
The group at the University of Aberdeen, working with a very low field strength resistive magnet (0.04 tesla; 400 gauss), performed a short initial trial com paring NMR with X-ray CT. They showed that gross cerebral lesions were readily demonstrated in T] im ages, and that the range of TJ values present in tu mors, infarction, and hemorrhage overlap (Smith, 1982a,b) . In a small series of patients with chronic alcoholic brain disease, they have shown that a sig nificant change in the TJ value of both gray and white matter occurs during withdrawal of alcohol. The T] decreases during intoxication and returns to normal during withdrawal (Besson et aI., 1981) . This observation has added weight to the speculation that NMR imaging may add to our understanding of other organic brain diseases.
In North America, a small number of groups have begun work with the technique. The group at the Massachusetts General Hospital in Boston worked with animal models in a small NMR system and, more recently, with humans in a commercial pro totype, a resistive magnet system of 0.14 tesla (1400 gauss). In their early work with cats, they demon strated that NMR can give images with millimetric resolution and contrast between normal and in- farcted tissue that surpasses X-ray CT. Further work with cats and gerbils, in which carotid artery liga tion was used to induce cerebral ischaemia, has shown that changes in the relaxation time of in farcted brain can be detected within 2 h of ligation (Buonanno et aI., 1982a (Buonanno et aI., ,b, 1983 . Working with hu mans, Buonanno et aI. (l982c) have reported its use in a case of low-grade astrocytoma, in which they demonstrated that the size of the tumor was greater than was suggested by X-ray CT. In the investiga tion of cerebral infarction in one patient, they have demonstrated the correlation between NMR, X-ray CT, and pathological sections. They also demon strated the value of acquiring a three-dimensional image from which any angle of section may be re constructed. This is a unique approach, requiring a relatively long acquisition time. As much as 45 min is necessary to acquire all the data to produce a three-dimensional or volume image utilising inver sion recovery sequences. Although this is a long period, compared with that required for X-ray CT, it is comparable to times necessary for other NMR techniques (-4 min/section to acquire data; 30 -40 min to fully examine a brain) (Pykett et aI., 1983) .
U sing a superconducting magnet system of 0.15 tesla (1500 gauss), Alfidi et al. (1982) at Case Western Reserve University have also demonstrated the value of three-dimensional imaging in the display of a large intracranial hematoma in axial, coronal, and sagittal sections. They have also demonstrated how this technique may be used to display the spinal canal, spinal cord, vertebral bodies, and interver tebral discs. A clear view of the nerve roots, free from bone artifact and computer reconstruction noise, is possible.
At the University of Southern California, San Francisco, a team of physicists and physicians (C rooks et aI., 1982a,b) has built and is evalu ating a 0.35-tesla (3,500 gauss) superconducting system. They have demonstrated how a number of contiguous sections can be collected simulta neously as an alternative method for shortening the total imaging time. They demonstrated five sections collected in 8.5 min and showed, by use of a model, how imaging of blood flow in major vessels is pos sible. They also agreed that both T,-and T2-depen dent images are necessary to obtain the most infor mation about intracranial abnormalities.
The capacity of spin-echo images to show areas of reversible cerebral ischaemia has been reported by a group of Finnish investigators (Sipponen et aI., 1983) . Using a O.17-tesla (l,700 gauss) supercon ducting system, they reported a case of subarach noid haemorrhage in which evidence of cerebral isch aemia was demonstrated by NMR, but not by Xray CT, and suggested that it is superior to CT in the detection of early ischaemia.
In neonates and young children, the absence of myelin in the brain gives images with long T,. As myelination occurs during normal development, the T, may be observed to increase toward a normal value. This observation suggests that NMR imaging will provide a unique method for studying myeli nation in vivo, and enable studies to be made of pathological processes in brain development (Levene et aI., 1982; Smith, 1983) .
The majority of the work applying NMR imaging to intracranial disease so far is anecdotal and spec ulative. The indications are that it will provide a unique, safe method for studying cerebral disease. It is clear that much carefully controlled work has to be performed before its full potential is realised, but already it would appear that it will provide fur ther information about the evolution of stroke, blood flow, and tumor growth. That it is safe may not yet be proven, since it is difficult to prove the absence of an unwanted side effect. In the examination of more than 500 patients and normal volunteers at the University of Aberdeen, no evidence of any short or medium-term ill effects was observed; notably, no alteration in consciousness level or cardiac rhythm was seen, nor was any convulsion precipi tated (Smith, 1982c) . In a more detailed follow-up of 181 patients from the same centre, no medium or long-term ill effects were found (Reid et aI., 1982) .
TOPICAL 31p NMR
For the last decade, we have been able to use NMR to analyse intact, excised tissues in an NMR spectrometer and record the spectrum of phos phorus-containing substances within it. Work on perfused beating rat heart has yielded interesting data about cardiac metabolism. With the develop ment of a larger bore in the superconducting range, it is now possible to analyse larger living animals and human limbs. The recent development of a 20-inch diameter superconducting magnet will make possible in vivo studies of the human brain.
Hydrogen protons are ideal for imaging because of their abundance in the body. 3'P is ideal for spec troscopic examination, because even though it is present in much smaller amounts than is hydrogen, and its inherent sensitivity to NMR technique is only about 1/15 that of hydrogen, the spectra ob tained from phosphorus compounds are relatively uncomplicated.
When a phosphorus spectrum from muscle is ex amined, clear peaks are seen for the following sub stances: sugar phosphate, inorganic phosphate, phosphocreatine, and ATP. Changes in pH are re flected by a change in the position of the inorganic phosphate peaks, giving an accurate method for measuring the changes that may occur during ex ercise or injury. So far, the majority of in vivo 31p topical NMR work has been performed on muscle and has demonstrated the potential of the method for the noninvasive study of muscle composition and metabolism (Chance et aI., 1980; Gadian and Radda, 1981; Edwards et aI., 1982) . Its potential in diagnosis has recently been demonstrated in a case report of its use in McArdle's syndrome, in which there is an inborn error of metabolism caused by the lack of glycogen phosphorylase activity (Ross et aI., 1981) .
To increase the specificity of the technique so that it can measure metabolic activity within a small area within the magnet (i.e., the heart, brain, or kid neys), small topical surface coils have been devel oped. When these small coils are placed over a re gion of interest and focused to a preset depth, they allow for the in vivo measurement of brain metab olism. When larger-bore magnets capable of im aging the whole human body become available, the other major organs will be amenable to study (Ack erman et aI., 1980) . U sing the technique in rats, Radda et aI. (1982) , having induced hypovolemic shock, showed a steady decrease in ATP and pH, together with a rise in sugar phosphate and inorganic phosphate in the kid neys as the blood pressure fell, all of which returned to normal when the blood volume was restored. These changes did not occur in the brain until the blood pressure had fallen by 40%, demonstrating that the brain can maintain its high-energy phos phates in hypotension, presumably due to its effec tive autoregulation of blood flow, and that the kidney is the first organ to fail biochemically in shock. Studies of the rabbit heart using these small coils have shown that they are useful for demonstrating myocardial ischaemia and monitoring the efficacy of drug therapy (Nunnally and Bottomley, 1981; Nunnally, 1982) . After inducing stroke in monkeys, Radda et al. (1982) have shown that there is a decrease in phos phocreatine and ATP and an increase in inorganic phosphate in the ischaemic area, but that the ratio of phosphocreatine to ATP remains the same. They also demonstrated the presence of glycerophos phorylcholine, the function of which is not clear. More recently, working with colleagues from the National Hospital in London, they have followed changes in phosphorus metabolite concentrations and intracellular pH in the brains of gerbils that had undergone ligation of one carotid artery. The find-J Cereb Blood Flow Metabol. Vol. 3. No. 3, 1983 ings were similar to those in monkeys, and they underline the importance of using focused topical coils to sample the correct depth in the brain (Thul born et aI., 1982) .
The strength of 31p NMR lies in its usefulness in noninvasive chemical analysis and pH measure ment over a period of time. It is unlikely that a suitable imaging method involving 31p spectra will be developed for some time, if ever. However, a combination of hydrogen proton imaging (to lo calise regions of interest for further study) with top ical NMR would be ideal. A number of centres are working on this problem at present, and it may not be long before this is a reality. When it is, the po tential for the study of not only the brain, but also muscle, heart, kidney, and tumors, will be enor mous.
